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Edited by David LambethAbstract The dual oxidase isozymes Duox1 and Duox2 exhibit
functional NADPH:O2 oxidoreductase activity in thyroid and
respiratory tract cells and are thought to be essential for H2O2
generation in these tissues. However, it is not universally ac-
cepted that the heme peroxidase domains of the Duox isozymes
are functional. To address this question, we modulated Duox2
expression in human tracheobronchial epithelial (TBE) cell cul-
ture systems and quantiﬁed peroxidase activity. We discovered
that interferon-gamma (IFN-c) induced robust peroxidase activ-
ity in TBE cells that paralleled Duox2 expression. IFN-c-in-
duced peroxidase activity was abolished in the presence of
sodium azide, which implicated the activation of a heme peroxi-
dase. IFN-c-induced peroxidase activity was abolished in TBE
cell lines expressing anti-Duox2 short hairpin RNA transcripts.
Together, these data unequivocally demonstrated that Duox2
contains a functional heme peroxidase in intact respiratory tract
epithelium.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Human1. Introduction
The observation that gp91phox (Nox2) was a necessary
component of neutrophil-mediated host defense [5,6] provided
evidence that speciﬁc proteins function to purposefully gener-
ate reactive oxygen species. This discovery provided the foun-
dation for the detection of multiple Nox2 homologues in
several non-phagocytic tissues [7]. It is now well accepted that
regulated generation of reactive oxygen species is essential for
several basic cellular processes including host defense, growth,
apoptosis, and cell signaling.
In addition to the NADPH oxidase domain present in all
Nox family members, two Nox proteins, Duox1 and Doux2,
each contain an additional heme peroxidase domain. Current
models to explain the function of these dual oxidase (Duox)
isozymes primarily focus on the ability of these proteins to*Corresponding author. Fax: +1 530 752 8632.
E-mail address: rwharper@ucdavis.edu (R.W. Harper).
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doi:10.1016/j.febslet.2006.08.048generate H2O2, and largely ignore the contribution of the per-
oxidase domain [1–4,8,9]. Because critical histidine residues,
necessary for heme binding, are missing from the primary
structure of the Duox peroxidase domains, it is reasonable to
suggest that these motifs are functionally inactive [8]. Evidence
that the human Duox1 peroxidase domain has functional
activity when expressed in Escherichia coli [10] or in Drosphila
[11] suggests otherwise. To address this, we assayed human tra-
cheobronchial epithelial (TBE) cells, which normally express
Duox isozymes and are the likely source of H2O2 production
in these cells [2,4,12,13], for the presence of Duox-dependent
heme peroxidase activity.2. Methods
2.1. Cell culture from human tissues
HBE1 cells, a papilloma virus-immortalized human TBE cell line
kindly provided by Dr. J. Yankaskas from the University of North
Carolina [14], were plated on Transwell (Corning Costar, Corning,
NY) chambers (24 mm) or standard six-well cell culture plates (BD
Falcon, San Jose, CA) at 1–2 · 104 cells/cm2, in a Ham’s F12/Dul-
becco’s modiﬁed Eagle’s medium (DMEM) (1:1) supplemented with
insulin (5 lg/ml), transferrin (5 lg/ml), epidermal growth factor
(10 ng/ml), dexamethasone (0.1 lM), cholera toxin (10 ng/ml), bovine
hypothalamus extract (15 lg/ml), bovine serum albumin (0.5 mg/ml),
and all-trans-retinoic acid (30 nM) as described previously [15]. After
one week, cells were transferred to air–liquid interface (ALI) culture
conditions for one additional week followed by cytokine treatment
for 48 h (IL-4 (10 ng/mL), IL-13 (10 ng/mL), or IFN-c (100 U/mL)).
For tissue culture conditions, cells were treated with cytokines after
the cells reached 100% conﬂuence.
2.2. Development of short hairpin RNA transcripts (shRNA) expression
clones
We established several HBE1 cell lines which stably expressed anti-
Duox2 shRNA transcripts after lentivirus infection [16]. Brieﬂy, anti-
Duox2 small interfering RNA transcripts (Ambion Inc., Austin, TX)
were transiently transfected into HBE1 cells to identify two sequences
that demonstrated signiﬁcant knock down of Duox2 mRNA (data not
shown). Oligonucleotides were then designed for insertion into the pSi-
coR plasmid, which resulted in the expression of shRNA transcripts
[16]. To insert these sequences, we digested the pSicoR plasmid with
Hpa1 and Xho1 and ligated to the following annealed oligos:
Duox2-S1 F, TGGTGAAAAGGTACAATAGTTTCCAAGAGAA-
CTATTGTACCTTTTCACCT-T-TTTTC; Duox2-S1 R, ACCACT-
TTTCCATGTTATCAAAGGTTCTCTAGACAACAT-GGAAAA-
GTGGAAAAAAGAGCT or Duox2-S5 F, TGGTCCTGAACAA-
GGGTTTTTT-CCAAGAGAAAAACCCTTGTTCAGGACCTTTT-blished by Elsevier B.V. All rights reserved.
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Fig. 1. IFN-c enhances the rate of TMB oxidation in human TBE
cells. HBE1 cells grown in air–liquid interface culture conditions were
treated with media alone or cytokines for 48 h and harvested into
room-temperature PBS by cell scraping. A portion of suspended HBE1
cells were added to wells in a 96-well plate followed by the addition of
TMB (1.2 mM) and H2O2 (0.3 mM). Change in absorption of light at
630 nm was made every minute over 15 min. Absorption values for cell
isolates from untreated cells or IL-4/IL-13-treated cells were identical
to blank samples (cell isolates in TMB plus buﬀer without the addition
of H2O2) at each time point. This suggested that peroxidase activity in
untreated cells and IL4/IL-13-treated cells is negligible or below the
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TCTTTTTGGGAACAAGTCCTGGAAAAAAGAGCT. The result-
ing constructs were packaged into a lentivirus delivery system as
previously described [17].
HBE1 cells were seeded in 100 mm tissue culture plates (BD Falcon)
at a density of 4 · 106 cells/mL. After 24 h, 5 ll of concentrated lentivi-
rus particles was added to cell culture media, and cells were expanded
for three passages prior to cell sorting. Infected cells were puriﬁed by
GFP-triggered cell sorting and GFP-enriched cells were separated into
more than 30 diﬀerent isolates. Each isolate was treated with IFN-c, and
three clones that had low to absent levels of functional peroxidase activ-
ity (clones 5-2-k, 5-2-d, and 5-4-f) were selected for subsequent experi-
ments. Similarly, HBE1 cells expressing pSicoR without the shRNA
insert (clone pSR-1) were developed to serve as negative control.
2.3. Cytokine treatment
Recombinant human IFN-c, IL-4, and IL-13 cytokines were pur-
chased from R&D systems Inc. (Minneapolis, MN). Cytokines (0–
100 ng/mL) were dissolved in phosphate-buﬀered saline (PBS) with
1% bovine serum albumin (BSA) and added directly to the media of
TBE tissue cultures or both the apical and basal sides of ALI TBE cul-
tures. For untreated conditions, the same amount of PBS-1% BSA,
without cytokine, was added to the media.
2.4. Real-time RT-PCR expression analysis
Real-time RT-PCR was carried out as previously described [18].
Brieﬂy, 5 lg of total RNA was reverse transcribed with MoMLV-re-
verse transcriptase (Promega Inc., Madison, WI) using oligo-dT prim-
ers. Diluted sample cDNAs were used in real-time PCR reactions with
either an ABI 5700 or ABI PRISM 7900HT Sequence Detection Sys-
tem (Applied Biosystems Inc., Foster City, CA). Reactions were car-
ried out in 96-well optical reaction plates in a 50 ll ﬁnal volume
containing 25 ll of the SYBR Green (Applied Biosystems) PCR mas-
ter mix, 1 ll of each gene-speciﬁc primer, 2 ll of diluted sample cDNA,
and 21 ll of water. Relative expression values were normalized using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). PCR primer
pairs were designed based on published sequences for each gene as fol-
lows: Duox1 F 5 0-TTCACGCAGCTCTGTGTCAA-3 0, Duox1 R 5 0-
AGGGACAGATCATATCCTGGCT-3 0; Duox2 F 5 0-ACGCAGCT-
CTGTGTCAAAGGT-3 0, Duox2 R 5 0-TGATGAACGAGACTCGA-
CAGC-30; LPO F 5 0-CAGAAGTGGATACCCCCATA-30, LPO R
5 0-TCTGCTGGAACTGCTTGC-30; MPO F 5 0-AGAGCCTGAACC-
CTAGGTG-3 0, MPO R 5 0-TGCAATTTGGTTCTGACGA-3 0; TPO
F 5 0-CACCAGATCATCACCCTGA-3 0, TPO R 5 0-TCCACTCATT-
GTAACCTGGGC-3 0; EPO F 5 0-ACTGTACAATGAGGCTCGGA-
3 0, EPO R 5 0-GCTTCGTTGCATGTTGAGA-3 0; GAPDH F 5 0-
CAATGACCCCTTCATTGACC-3 0, GAPDH R 5 0-GACAAGC-
TTCCCGTTCTCAG-3 0. Real-time PCR was conducted in triplicate
for each sample and the mean value was calculated. Final ﬁgures rep-
resent the results from at least three independent experiments.
2.5. Peroxidase measurements
Peroxidase activity was assessed using 3,3 0,5,5 0-tetramethylbenzidine
(TMB; Sigma–Aldrich, St. Louis, MO) as a peroxidase substrate in the
presence of excess H2O2. Brieﬂy, media were removed from untreated
and cytokine-treated cells and cells were washed twice in PBS. One hun-
dred microliters of suspension buﬀer (100 mM NaH2PO4, pH 7.0) was
added to eachwell of a 6-well plate followed by cell scraping using a rub-
ber spatula. Suspended intact cells (10–20 lL) were placed into a 96-well
plate followed by the addition of TMB solution (300 mM NaAcetate,
pH 5.4, 1.2 mMTMB, 0.3 mMH2O2). Of note, detergents in the suspen-
sion buﬀer signiﬁcantly attenuated peroxidase activity, and therefore we
avoided the use of lysis buﬀers. To inhibit heme peroxidase activity,
100 lMNaN3 was added to duplicate samples. Because the TMB assay
is temperature-sensitive, all assays were performed at room tempera-
ture. Absorbance at 630 nm was measured over 15–40 min. For each
treatment condition, duplicate to triplicate samples were assayed, and






Fig. 2. IFN-c enhanced the rate of TMB oxidation in a dose-
dependent manner. HBE1 cells grown in tissue culture conditions were
treated with increasing amounts of IFN-c for 48 h and harvested into
room-temperature PBS by cell scraping. Endpoint measurements were
made 30 min after the addition of TMB and H2O2.3. Results and discussion
Although it is well established that the Duox isozymes gen-
erate H2O2 via the NADPH oxidase domain [2,4,19,20], func-tional activity of the heme peroxidase domain in tissues that
normally express Duox isozymes has not been demonstrated.
Our previous data in respiratory tract epithelial cells demon-
strated that treatment with IL-4 or IL-13 enhanced Duox1
expression and treatment with IFN-c signiﬁcantly increased
Duox2 expression. All three treatment conditions induced
the generation of apical H2O2 [18]. Therefore, we postulated
that treatment of these cells with the aforementioned cytokines
would induce peroxidase activity which paralleled NADPH
oxidase activity.
Consistent with this notion, treatment of HBE1 cells with
IFN-c resulted in a signiﬁcantly enhanced rate of TMB oxida-
tion over 15 min compared to untreated HBE1 cells (Fig. 1). In
addition, there was a clear dose-dependent increase in IFN-c-
inducible TMB oxidation which paralleled the dose-dependent
increase in Duox2 mRNA expression (Figs. 2 and 4A). Com-



















































































Fig. 4. IFN-c-induced peroxidase activity in human TBE cells is
speciﬁc to Duox2 expression. (A) HBE1 cells grown in air–liquid
interface culture conditions were treated with media alone or cytokines
for 48 h and harvested for total cellular RNA. Quantitative changes in
mRNA levels of Duox1, Duox2, LPO, MPO, TPO, and EPO were
determined using real-time PCR analysis (see Section 2). Ct values for
LPO, MPO, TPO, and EPO were similar to non-template control.
Results shown for LPO are representative of the other heme
peroxidases tested. (B) HBE1 cell lines that expressed GFP alone
(pSR-1) or GFP plus anti-Duox2 shRNA transcripts (5-2-k, and other
clones; see Section 2) were grown in tissue culture conditions and
harvested 48 h after IFN-c treatment or media alone. Isolation of total
cellular RNA for real-time PCR analysis or isolation of cellular
suspensions for peroxidase assays were performed independently. Of
5152 R.W. Harper et al. / FEBS Letters 580 (2006) 5150–5154ﬁvefold increase in TMB oxidation at the lowest dose tested,
which increased to close to 40-fold at the highest dose tested
(Fig. 2).
These data suggested that IFN-c is suﬃcient to induce active
peroxidase activity in the extracellular compartment of respira-
tory tract epithelium. Based on our previous data, the pro-
posed topology of Duox2 [7], and the localization of Duox
protein on the apical surface of human TBE cells [4,13], we
suspected this activity was due to Duox2 expression. Impor-
tantly, IL-4 and IL-13 did not induce measurable peroxidase
activity in our cell culture system (Fig. 1), despite four to six-
fold elevations in Duox1 mRNA expression (data not shown).
Sodium azide treatment completely inhibited IFN-c-induced
peroxidase activity (Fig. 3), which conﬁrmed that IFN-c in-
duced a heme peroxidase. Although we inferred this peroxi-
dase activity was due to Duox2, it is possible that Duox1, or
an alternative heme peroxidase normally not identiﬁed in
respiratory tract epithelium, was augmented by IFN-c. To
address this possibility, we performed real-time PCR on
mRNA harvested from IFN-c-treated HBE1 cells. As shown
in Fig. 4A, Duox1 mRNA levels did not change after IFN-c
treatment. Primers designed to selectively identify four other
heme peroxidase proteins including lactoperoxidase (LPO),
myeloperoxidase (MPO), eosinophil peroxidase (EPO), and
thyroperoxidase (TPO) (see Section 2) failed to produce mea-
surable amplicons (Fig. 4A and data not shown). Similarly,
western blots using antibodies against MPO or EPO failed to
produce any observable signal (data not shown).
To deﬁnitively establish that Duox2 is responsible for IFN-
c-induced heme peroxidase activity in intact respiratory tract
epithelial cells, we developed several stable cell lines that sup-
pressed Duox2 expression through RNA interference mecha-
nisms. Using this technique, we isolated three GFP-positive
clones that did not exhibit IFN-c-inducible Duox2 mRNA
expression (see Section 2). Consistent with our premise, IFN-
c-induced heme peroxidase activity was observed in HBE1
cells expressing the lentivirus construct alone (pSR-1), but
was not observed in HBE1 cells that stably expressed anti-
Duox2 shRNA transcripts (e.g. clone 5-2-k) (Fig. 4B). Gain
or loss of IFN-c-mediated heme peroxidase activity paralleledTreatment






















Fig. 3. Sodium azide inhibits IFN-c-induced peroxidase activity.
HBE1 cells grown in air–liquid interface culture conditions were
treated with IFN-c (10 ng/mL) for 48 h and harvested into room-
temperature PBS by cell scraping. Sodium azide (100 mM) was added
to cell suspensions prior to addition of TMB and H2O2. Endpoint
measurements were made 10 minutes after the addition of TMB and
H2O2.
note, out of the three clones that expressed anti-Duox2 shRNA
transcripts, clone 5-2-k (shown here) had the highest degree of IFN-c-
induced Duox2 mRNA expression (2.6-fold increase). The other two
clones had negligible increases in Duox2 mRNA expression.the gain or loss of IFN-c-mediated Duox2 mRNA expression.
These data conﬁrmed that IFN-c-inducible heme peroxidase
activity in respiratory tract epithelial cells is mediated by
Duox2.
To determine if this level of heme peroxidase activity is con-
sistent with the induction of a single protein, we estimated the
number of Duox2 molecules required to produce the experi-
mentally observed absorption values in HBE1 cells. We found
that 5–20 ng of puriﬁed human MPO protein displayed similar
end point absorption values after 15 min compared to cellular
suspensions of IFN-c-treated HBE1 cells (data not shown).
We utilized approximately 1 · 104–3 · 104 HBE1 cells per
peroxidase assay. Based on these values, there were approxi-
mately 1 · 105–1.5 · 106 ‘‘MPO equivalents’’ per cell [(mols
MPO · Avogadro’s number)/number of cells]. If we assume a
1:1 correlation between MPO peroxidase activity and Duox2
peroxidase activity, IFN-c induced the expression of 1 · 105
R.W. Harper et al. / FEBS Letters 580 (2006) 5150–5154 5153to 1.5 · 106 Duox2 molecules per cell. These numbers are con-
sistent with values for other membrane proteins and receptors.
Recent evidence demonstrated that proper maturation and
expression of Duox proteins does not occur in cell types that
normally do not express these isozymes [21], and requires the
expression of cell-type-speciﬁc adaptor proteins (DUOXA1
and DUOXA2) [22]. Our data imply that proper maturation
and expression of native Duox proteins is also dependent upon
the diﬀerentiation status of the cells that normally express
Duox proteins. Although IFN-c consistently induced heme
peroxidase activity in all TBE cell culture conditions, ALI cell
culture conditions resulted in signiﬁcantly higher levels of in-
duced heme peroxidase activity compared to tissue culture
conditions (compare Figs. 2 and 3). The factors responsible
for this regulation are unknown, but may depend upon the in-
creased expression of these newly identiﬁed Duox maturation
factors.
Peroxidase activity in respiratory tract epithelial cells has
been observed for several decades [23]. However, the enzyme(s)
responsible for this activity and the functional importance of
this activity remains to be fully elucidated. Substantial evi-
dence demonstrates that LPO is the predominant peroxidase
in respiratory tract epithelium [24]. Based on these observa-
tions, it has been reasonably suggested that Duox enzymes
provide H2O2 as a substrate for LPO-mediated generation of
antibacterial hypohalous acids [2,24]. Our current evidence
demonstrated that Duox2 itself provides functional heme per-
oxidase activity within the human respiratory tract epithelium.
We propose that multiple functional peroxidases are localized
in distinct subcellular compartments 1 in the respiratory tract
epithelium, and this localization is fundamental to the func-
tional activity of each peroxidase. Veriﬁcation of this notion
will require the development of Duox1- and Duox2-speciﬁc
antibodies or functional expression of labeled Duox1 and
Duox2 isozymes.
The absence of measurable IL-4/IL-13-mediated peroxidase
activity suggests Duox1 has distinct functional activities, or
distinct cellular localization compared to Duox2. Two recent
reports demonstrated that human Duox1 has functional per-
oxidase activity when overexpressed in E. coli [10] or Drosoph-
ila [11]. Based on these data and the homology between the
Duox1 and Duox2 peroxidase domains, it is likely that Duox1
is a third functional peroxidase in respiratory tract epithelial
tissues. We were able to observe peroxidase activity only in in-
tact cells. Therefore, if Duox1 is located within intracytoplas-
mic vesicles, we would be unable to assess Duox1-mediated
peroxidase activity with the methods we used. However,
Duox1-mediated apical H2O2 production could still be mea-
sured due to the ability of H2O2 to freely diﬀuse through lipid
membranes. It is intriguing to consider the possibility that
Duox1 heme peroxidase activity is responsible for a portion
of peroxidase-positive non-secretory vesicles previously identi-
ﬁed in respiratory tract epithelial cells [23]; secretory vesicles
with peroxidase activity likely contain LPO.
It is unclear why two heme peroxidase-containing Duox pro-
teins are present in tissues, such as the respiratory tract or thy-
roid, that contain other heme peroxidases in abundance (e.g.
lactoperoxidase or thyroid peroxidase). Our data, in combina-1 Portions of this idea were originally suggested by Tom Leto and
Dave Lambeth; personal communication.tion with previous work, strongly supports the notion that oxi-
dant-producing cells have developed a strategy in which
oxidant generation and utilization are tightly regulated and
compartmentalized. The presence of multiple functional perox-
idases in the respiratory tract supports this general model. For
example, abundant expression of LPO secreted into respira-
tory tract lining ﬂuid provides an antimicrobial environment
to prevent bacterial infection. Duox2 provides extracellular
membrane-associated peroxidase activity, which may provide
protection against membrane-bound pathogens such as virus.
Duox1 may provide peroxidase activity in specialized intracy-
toplasmic vesicles whose functions still need to be determined.
The speciﬁc subcellular locations of the two Duox isozymes,
and the substrates utilized by their peroxidase domains will sig-
niﬁcantly contribute to our understanding of their function in
the tissues in which they are expressed.
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